Transient photocurrent measurements are reported in an electroluminescent porous silicon diode. Electron drift mobilities are obtained from the data as a function of temperature. Electron transport is dispersive, with a typical dispersion parameter α ≈ 0.5. The range of mobilities is 10 -5 -10 -4 cm 2 /Vs between 225 K and 400 K. This temperature-dependence is much less than expected for multiple-trapping models for dispersion, and suggests that a fractal structure causes the dispersion and the small mobilities.
INTRODUCTION
Canham's discovery that porous, crystalline silicon photoluminesces efficently near roomtemperature [1] has led to enormous interest not only in the origins of this unexpected effect, but also in the possibility of preparing electroluminescent diodes from the same material. Substantial progress in this direction has been made by several groups, based on a variety of device designs [cf. 2,3,4 for early examples].
Despite these device successes, practically nothing is known conclusively about the fundamental electrical properties of porous silicons; adding to the complexity of establishing these properties is the fact that porous silicons can be made with an enormous range of structures and passivation properties, presumably with widely varying transport. In this paper, we are concerned primarily with carrier mobilities, which determine carrier drift speeds inside electrical devices and can thus dominate the speed of the device itself. The carrier mobilities of crystalline silicon, from which the porous silicon is prepared, are at best a starting point. Porous silicon's extremely fine and disordered topology would be expected to drastically reduce the drift velocity of a carrier, and the experiments published to date [5, 6, 7] are consistent with a qualitative change vis a vis the properties of the crystal. Indeed, one may speculate that it is precisely this drastic reduction in the diffusion of carriers which permits them to recombine radiatively in the porous structure.
In the present paper, we report our progress in obtaining carrier mobilities using the photocarrier time-of-flight method. In its simplest implementation, the method involves launching a sheet of photocarriers in a sample using a short laser flash. The carriers then drift under the influence of an external bias field E, and the transit time t T required for the carriers to drift a distance L across the specimen is determined by measuring the transient current in the bias circuitry. The mobility is the ratio L/Et T . Ref. [8] may be consulted for additional information about procedures as implemented by our laboratories.
In brief, we have observed transient photocurrents in highly porous silicon which we associate with carrier sweepout. We find mobilities in the range 10 -5 -10 -4 cm 2 /Vs. These are comparable to those obtained previously using electroluminescence modulation [7] , although the structures involved are quite different. The dispersion properties of the mobilities (the dependence of mobility on the displacement of the carriers) in the two experiments are very different. Perhaps most importantly, we have measured the temperature-dependence of the drift mobility. The temperature-dependence is surprisingly small, especially in comparison to other dispersive transport systems such as hydrogenated amorphous silicon (a-Si:H). This may be evidence for limitation of the mobility by true spatial disorder (fractal structure), as opposed to the temporal disorder (trapping effects) which is often involved in amorphous semiconductors.
EXPERIMENTAL DESCRIPTION

Samples
The sample for which we report measurements here was a light-emitting, porous silicon (LEPSi) diode prepared at the University of Rochester using a procedure which has yielded 0.1% efficient, stable light-emitting diodes [9] . Starting with a p-type Si substrate (resistivity 5-10 Ωcm), a thin layer (about 0.5 µm thick) is ion-implantated with boron. This structure is then anodized to yield a two-layer porous structure, with a low porosity layer in the ion-implanted region near the top, and a buried, high porosity layer about 0.7 µm thick. Following an oxidation step to passivate the porous layers, the structure is finished by deposition of a polycrystalline, n + layer (0.3 µm thick). Contact is made to this pin diode using evaporated Al electrodes (area about 0.1 cm 2 ). Bottom contact is made to the substrate. We did not etch back the layers surrounding the top Al dot, so the active area is not exactly defined.
Electrical Characterization
The transient photocurrents which we report here are measured in the electrical bias circuit following a brief laser flash. We used a nitrogen-laser pumped dye laser operating at 671 nm; the nominal pulse length for this laser is 3 ns. The actual time response of the system is determined by the capacitance of the porous silicon diode in conjunction with the 50 Ω impedance of the external circuitry; these effects limited the time response to about 50 ns at best.
One important difficulty which we encountered was signficant reverse bias currents (ca 2 mA at -20 V bias and 300 K). This reverse bias current plays an important role in interpreting transient photocurrent measurements designed to yield mobilities through time-of-flight effects. Specifically, mobility measurements require a reasonable uniformity for the electric field inside the structure. In the conventional time-of-flight procedure, this uniformity is guaranteed by applying the reverse bias as a voltage pulse which precedes the arrival of the laser flash. The field then remains essentially uniform until charge depletion exceeds the charge CV corresponding to the geometric capacitance of the diode.
A conservative approach is to monitor the leakage current through the structure, and only to use photocurrent transient information for times t at which the total charge through the bias circuit remains about equal to CV. A short calculation reveals that a 1 mA reverse bias current and a 1 nF diode allows only 1 µs of measuring time -far too short a time to be useful. In the present measurements, we used steady-state reverse bias voltages. This creates an amibiguity regarding field uniformity which we hope to resolve subsequently; however, the measurements we report here otherwise show the features expected for photocarrier time-of-flight, and we consider it probable that a drift mobility interpretation is valid.
Transient photocurrent measurements
In Fig. 1 we illustrate the photocharge transients following the laser flash. We measured the transient current following the laser flash, subtracted the dark current, and then numerically ; normalized photocharge may be interpreted as the displacement/field ratio x(t)/E for the electrons. The saturation at longer times is due to carrier sweepout at x = d. The times at which these curves cross x(t)/E = 10 -10 cm 2 /V was used to determine the drift mobility of Fig. 3 . integrated the net current to prepare this figure. The figure shows several features we associate with sweepout of photocarriers. At larger times (t > 10 -5 s), there is a fairly well defined photocharge (about 4×10 -10 C) which is reproduced adequately for all four voltages. This photocharge may thus be interpreted as a measure of the total photogenerated charge.
The model we favor for the photogeneration mechanism is the following. The top three porous and polycrystalline layers should be nearly transparent to the laser wavelength of 671 nm, so it is probable that photogeneration occurs mostly in the p-type Si substrate. Electron photocarriers generated within their diffusion length will diffuse to the porous Si/crystal Si interface. They then enter the high-field region, where their further motion is detected in the external bias circuit.
The effect of the external voltage upon the photocharge transients is also consistent with the time-of-flight interpretation. The photocharge transients for earlier times (t < 10 -5 s) are proportional to the Voltage, indicating Ohmic transport. The nominal sweepout time (the time at which charge collection reaches 50% of its ultimate value) decreases with increasing field, as anticipated for the time-of-flight interpretation.
As will be discussed subsequently, the photocharge Q(t) is proportional to the mean displacement x(t) of the electrons in a uniform field. Assuming this proportionality, it should be noted in Fig. 1 that x(t) rises essentially as the square root of the delay time following absorption of the laser flash. This sublinearity is the phenomenon of dispersion, which is well known in several amorphous semiconductor systems. The dispersion parameter α corresponding to fitting x(t) to the power law t α is about 0.5.
DRIFT MOBILITY MEASUREMENTS
In Fig. 2 we display the transient photocharge measurements at -20 V for several temperatures. For this figure we take advantage of the time-of-flight interpretation; we have plotted Q(t)d 2 /Q 0 V, using d=700 nm (the thickness of the high porosity layer) and the total photocharge collection Q 0 (0.4 nC in Fig. 1 
). Q(t)d
2 /Q 0 V may be equated to the ratio x(t)/E of the electron displacement x(t) to the drift field E in the high porosity region. This equation originates in an electrostatics theorem based on the fact that motion of charge between two electrodes held at constant potential induces a compensating change in the charge on the electrodes (consult ref. [8] for additional details and references). The normalization causes all transients to approach the value d 2 /V for longer times, since x(t) approaches d for longer times. As is evident from the figure, reducing the temperature generally decreases the carrier drift. At 400 K, the reverse bias current had increased greatly, making subtraction of its effects less successful; we believe this effect accounts for the slight decrease in x(t)/E at this temperature.
In Fig. 3 we have graphed the temperature dependence of the drift mobility µ D corresponding to a ratio L/E = 10 -10 of the drift length L and the field E. µ D is calculated using the transit time t T , which is defined from the relation x(t T )/E = 10 -10 cm 2 /V. t T was obtained graphically from Fig. 2 . The drift mobility is defined in a conventional way as:
It is important to note that, for dispersive transport, µ D depends strongly upon L/E; it must not be viewed as a materials constant.
The main point of Fig. 3 is that the temperature-dependence of µ D for porous silicon, while certainly discernible, is relatively weak compared to that of holes in a-Si:H. We chose holes in a-Si:H for comparison to porous silicon because it has similar dispersion near room-temperature (α ≈ 0.5). The line we have drawn is calculated using the standard, "exponential bandtail multiple-trapping" fitting to hole time-of-flight measurements:
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We used the parameter values published by Gu, et al [10] (µ 0 = 0.27 cm 2 /Vs, ν = 7.7×10 10 s -1 , E 0 = 0.048 eV), which account fairly well for results from several laboratories.
DISCUSSION
The temperature-dependences shown in Fig. 3 suggest that differing mechanisms are involved in limiting the mobilities in a-Si:H and porous Si; this conclusion is also supported by other aspects of the temperature-dependence. In particular, the dispersion parameter α is proportional to the absolute temperature for a-Si:H; this proportionality is usually considered to be strong evidence for multiple-trapping behavior. The dispersion parameters for the measurements in Fig. 2 show much weaker dispersion.
The multiple-trapping model fitted to a-Si:H is often assumed to involve an exponential distribution of bandtail states lying below a mobility edge; the latter separates localized bandtail traps from extended band transport states. However, at least two other models yield drift which can be modeled using eq. (2): hopping in bandtails [11] , and long-range potential fluctuations [12] . Generally speaking, models which account for dispersion using temporal disorder (ie. an enormous range of trapping and release times) tend to imply large temperature-dependences, since emission from traps is a strongly temperature-dependent process.
The alternative to this model is to invoke the pure geometry of porous silicon for its mobility limitation and its dispersion. This is a property of diffusion on a fractal structure [13] . A complete review of this model is beyond the scope of the present paper, but we note that dispersion due to drift on a fractal structure reflects the underlying structural dimensions of the fractal (the "fractal" and "fracton" dimensions). Ben-Chorin, et al [6] have previously used fractal models to interpret AC conductivity measurements in porous silicon. As this type of dispersion has a structural origin, it has no intrinsic temperature-dependence, and thus appears to be a more satisfactory starting point than multiple-trapping for explaining the present measurements. These measurements reflect the properties of only a single type of porous silicon, and we hope that future work will establish mobilities for a much wider range of materials.
